The E158 experiment at SLAC has made the first measurement of parity violation in electron-electron (Møller) scattering. We report a preliminary result using 50% of the accumulated data sample for the right-left parity-violating cross-section asymmetry (A P V ) in the elastic scattering of 45 and 48 GeV polarized electron beams with unpolarized electrons in a liquid hydrogen target. We find A P V = (−160 ± 21(stat.) ± 17(syst.)) · 10 −9 , with a significance of 6.3σ for observing parity violation. In the context of the Standard Model, this yields a measurement of the weak mixing angle, sin 2 θ M S W (Q 2 = 0.026GeV 2 ) = 0.2379 ± 0.0016(stat.) ± 0.0013(syst.). We also present preliminary results for the first observation of a single-spin transverse asymmetry in Møller scattering.
Introduction and Physics Motivation
The weak mixing angle has been precisely measured at the Z-pole by the LEP experiments at CERN and by the SLD experiment at SLAC, from measurements of left-right and forward-backward asymmetries and from tau polarization.
1 But additional precise measurements away from the Z-pole are needed to probe for certain classes of new physics, and to test the Standard Model predictions for the running of sin 2 θ W with Q 2 .
2 Interaction amplitudes measured at the Z-pole are almost purely imaginary and may have negligible interference with interaction amplitudes involving heavy new particles. Such interference effects may show up more readily with measurements at low Q 2 away from the Z-pole.
3,4
E158 measures the parity-violating cross-section asymmetry
for small angle Møller scattering with very high statistics, 3 where σ R and σ L are the scattering cross sections for incident right-and left-polarized beams. This A P V arises from interference between the weak and electromagnetic amplitudes 5 and is sensitive to the weak mixing angle. The tree-level expression for A P V is given by
where G F is the Fermi constant; Q 2 is the momentum transfer and is ≈ 0.03 GeV 2 for the E158 kinematics; α is the fine structure constant; and y = Q 2 /s (< y >≈ 0.6 for E158). The expected asymmetry at tree level is approximately 3.2 · 10 −7 .
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Radiative corrections ( Figure 2 ) reduce this asymmetry by about 50%.
2,7-10
E158 continues a successful program at SLAC studying parity violation (PV) in the weak neutral force that began with Charles Prescott ′ s historic experiment E122 in 1978. 11 E122 made the first observation of parity violation (PV) in a In the LEP and SLC era in the 1990s, precision measurements probing quantum effects from physics at higher energy scales were very successful. Precision electroweak measurements accurately predicted the mass of the top quark before it was discovered at the Tevatron, 12 and they were cited in the awarding of the 1999 Nobel Prize to Veltmann and t ′ Hooft, 13 which recognized their work in developing powerful mathematical tools for calculating quantum corrections and demonstrating that the SM was a renormalizable theory.
The discovery and mass measurement of the top quark at the Tevatron and the precise Z boson mass measurement from LEP complement well established values for G F and α, and allow predictions for the only SM parameter not yet measured, the Higgs mass, from other electroweak observables. A recent compilation of electroweak measurements and their consistency is presented in Figure 3 . A subset of these measurements, using forward-backward asymmetry and tau polarization measurements at LEP and the left-right asymmetry measurement at SLC, give precise measurements of the weak mixing angle at Q 2 = M 2 Z . These Z-pole weak mixing angle results are presented in Figure 4 .
The data presented in Figure 3 have a large χ 2 /dof = 27.3/15, with a probability of only 3%. The weak mixing angle data in Figure 4 also have a large χ 2 and indicate an inconsistency between the SM leptonic and hadronic couplings. Perhaps we are starting to observe in these data some cracks in the Standard Model.
And perhaps there are bigger effects in precision electroweak measurements away from the Z-pole. Indeed the largest discrepancy in Figure 3 is from a measurement of the weak mixing angle by the NuTeV experiment, 14 using the observed relative 
Polarized Beam and Beam Monitors
The electron beam is produced by photoemission, using a circularly polarized laser beam 18 and a strained GaAs photocathode. 19 The electron polarization is 85%. The beam 20,21 is accelerated to high energy in the two-mile SLAC Linac and then transported through a 24.5
• bend angle in the A-line 22 to a liquid hydrogen (LH 2 ) target in End Station A(ESA). Pulsed magnets were installed in the DRIP (Damping Ring Intersection Point) region of the Linac to allow interleaved operation of the E158 experiment with the BaBar experiment at the PEP-II storage ring. 21 A skew quad was also installed at the end of the A-Line for E158 to take advantage of the horizontal emittance growth in the A-Line. 23 The skew quad provides x-y coupling and allows a more stable beam spot with less spatial tails at the LH 2 target.
The electron beam spin is longitudinal at the source and remains longitudinal in the Linac. In the A-line bend magnets, the spin precesses 180
The spin is longitudinal at the target for a beam energy of 45.6 GeV and 48.7
GeV. A schematic of the polarized source, Linac and A-Line beam transport is shown in Figure 5 .
The beam is pulsed at 120 Hz with an intensity of 5 · 10 11 electrons in a 300ns is shown in Figure 6 . The measured asymmetry in the MOLLER detector may be written as
where A 
where δ CP and δ P S are the polarization phase shifts imparted by the CP and PS Pockels cells. The laser circular polarization following the PS cell is given by
Careful attention is paid to reducing the laser ′ s residual linear polarization, since photoemission from strained GaAs can have a significant dependence on this.
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In the initial setup, with reasonable care for the optics alignment, one finds typical (L-R)/(L+R) charge asymmetries of 1000 parts per million (ppm) and (L-R) position differences at the photocathode of 2 microns. Three main techniques are then used to reduce these beam A LR ′ s: are read into 16-bit custom-built VME ADCs. 17 The PROFILE and POLARIME-TER detector signals are read out by a conventional LeCroy 2249W 11-bit adc.
The POLARIMETER detector assembly is shown in Figure 14 . It consists of a quartz Cherenkov radiator behind a tungsten pre-radiator. An air light guide directs the Cherenkov light to a PMT. Beam polarization measurements are performed using polarized Møller scattering with a polarized supermendur foil target (20, 50 and 100 micron thickness foils were used) and using the same • spectrometer quads on and off as well as ±5% variations of nominal strength • LH 2 target in and out
• (remotely insertable) collimators in and out
• 45.6 and 48.7 beam energies Figure 17 shows one example of a profile scan comparing quads on with quads off, illustrating the suppression of the Møller peak with quads off.
The MOLLER and ep detectors are sampling calorimeters with fused silica fibers oriented at the Cherenkov angle for the active medium and copper plates for the radiator. The Cherenkov light from the fibers in these detectors is directed to 60 shielded PMTs via air light guides, providing both azimuthal and radial segmentation. A photo of these detectors during assembly is shown in Figure 18 .
The radial segmentation of the MOLLER and ep detectors is shown in Figure 16 .
Approximately 20 million electrons with an average energy of 17 GeV are incident on the MOLLER detector each spill.
The PION detector, shown in Figure 19 , is a quartz bar radiator with PMT readout. Its measurements determine the pion contamination to the MOLLER signal to be (0.1 ±0.1)% with an asymmetry of 1 ppm. This results in a correction to the measured MOLLER asymmetry of (1 ± 1) ppb.
LUMI is a segmented ion chamber with aluminum pre-radiator. It has 2 separate longitudinal rings and is shown in Figure 20 . LUMI sees a flux per spill of 
Analysis
Every 33 milliseconds 4 beam spills are recorded in the detectors and beam monitors. The helicity of each spill is chosen in a pseudo-random sequence of pulse
.. The helicity of the first two pulses are chosen pseudo-randomly, while the next two states are complements of the first two.
Then two more pseudo-random helicity states are chosen and so on. 
These detector asymmetries are corrected for differences in the right-left beam properties as measured by the BPMs and toroids, try, we sum over all pulse pairs,
At this stage we perform two important checks on the beam asymmetry corrections that have been applied. First, we check that independent beam monitors give consistent results for the beam corrections to A raw for the MOLLER detector. For Run I, this consistency is summarized in Table 2 . (Similar results are obtained for Run II.) The consistency is excellent and the uncertainties reflect the beam monitor resolutions. These resolutions make a small contribution to the total statistical error for the Møller A P V measurement. Second, we check that regression and dithering give consistent results.
Finally, we correct A raw for backgrounds and dilutions and normalize it to the beam polarization and detector linearity, to arrive at the physics asymmetry,
P b is the beam polarization, measured by the polarimeter to be P b = (0.85 ± 0.05) for Runs I and II; ǫ is the linearity, which for the MOLLER calorimeter is determined to be ǫ = 0.99 ± 0.01; and the f bkg and A bkg give the dilution and asymmetry contributions of each background source (these are summarized for the Run I Møller asymmetry analysis in Table 3 ). 
Results
We present results using data collected in Runs I and II, which comprise 50% of the total data sample. The Run I results for the weak mixing angle determined from A P V in Møller scattering have been published, 16 and Run II results for this are preliminary. We also present preliminary results for the transverse e-e-asymmetry measured during Run I, and for the longitudinal ep asymmetry also using Run I data.
Transverse e-e Asymmetry
First we present a measurement of the transverse e-e asymmetry observed in special runs taken during Run I. The raw MOLLER asymmetry, A ee transverse , in Region I is plotted in Figure 22 versus azimuth for beam energies of 43 GeV and 46 GeV. The horizontal beam polarization yields an ≈ 2.5 ppm up-down asymmetry, which flips sign as expected between the two beam energies. This asymmetry is due to a 2-photon exchange QED process and is consistent with theoretical expectations. 31 The analysis of this data is continuing, and we have additional data for this taken during Run II and Run III. We hope to achieve 2-3% statistical error on the measurement. The theoretical prediction, including radiative corrections, has less than 1% uncertainty, 31 but depends on the energy and angular acceptance of the E158 spectrometer and detector. If acceptance uncertainties allow for a prediction at the ≈ 2% level, we can use this data to cross check our normalization factors for beam polarization, linearity, and dilution factors.
ep Asymmetry
We measure the asymmetry, A ep P V , in Region III of the MOLLER-ep detector which should be dominated by the inelastic ep asymmetry. The preliminary results for A ep raw , uncorrected for sign flips from the two half-waveplate and two energy states, using Run I data are shown in Figure 23 . We measure 
The size of asymmetry is consistent with −10 −4 · Q 2 , which is the expectation for deep inelastic scattering. The ratio of asymmetries is consistent with the kinematic variation of Q 2 between the two energies. 
Møller Asymmetry
The primary goal for E158 is a precise measurement of the Møller asymmetry. used for the A P V measurements. The relative sensitivities to first-order beam moments of the MONITORS compared to the A P V MONOPOLES can be directly measured and the relative sensitivities to higher-order beam moments should be even greater. These studies lead to ∆A higher−order = 0 ± 10 ppb. A further check on the beam asymmetry corrections is provided by the agreement of the regression and dithering analyses. In Run I the difference in corrections determined by these two methods is (3.1 ± 11.7) ppb, and for Run II it is (3.2 ± 3.8) ppb.
There is a small correction to A P V due to residual transverse polarization of the beam (resulting from the large e-e transverse physics asymmetry discussed above and the beam energy not being tuned exactly), which we determine to be The corrections, ∆A, and dilution factors, f , for Run II data are similar to those in Table 3 Including our preliminary results using Run II data, we find
This Møller asymmetry is plotted versus data sample in Figure 24 
Weak Mixing Angle
The tree level expression relating A P V to the weak mixing angle was given in Equation 2. Including radiative corrections, this relation becomes
The analyzing power, AP , depends on kinematics and the experimental geometry and is determined from a detailed Monte Carlo of the experiment. Its uncertainty is estimated to be 1.7%. 
Our result is plotted, together with the other experiments, in Figure 27 . Also shown is the projected E158 result, when analysis is complete using the full data sample, including Run III. Also shown is the expectation for the precision E158 should achieve with its full data sample.
Conclusions
E158 has made the first observation of parity violation in Møller scattering. We report a Preliminary measurement from our Run I and Run II data, A P V (e − e − at Q 2 = 0.026 GeV 2 ) =-160 ± 21 (stat.) ± 17 (syst.) ppb (19) with a significance of 6.3σ for observing parity violation. E158 has also made the first observation of a single spin transverse asymmetry in Møller scattering.
This transverse asymmetry is due to a 2-photon exchange QED effect, and may prove useful for cross checking the normalization factors for beam polarization, linearity and dilutions. In the context of the Standard Model, the Preliminary A 
When the full data set, including Run III, is analyzed we expect to achieve a total error on sin 
